species (Martin and Orgogozo 2013) . Therefore, we hypothesized that the 1 0 4 orthologs of causal genes are also likely to be causal genes. We tested this hypothesis by training models in Arabidopsis and rice with 1 0 7 orthologs of known causal genes. The performance indicated the feasibility of 1 0 8 5 this approach. We further tested the approach by training models for Sorghum 1 0 9 bicolor (sorghum) and Setaria viridis (Setaria), which have only few known causal 1 1 0 genes. We validated the sorghum model by testing QTLs with known causal 1 1 1 genes curated from the literature. We also demonstrated the usage of the Setaria 1 1 2 model by combining the prioritization results with published transcriptome data to 1 1 3 obtain 13 causal gene candidates for a Setaria height QTL. The list of causal genes used for orthology analysis was based on a list of causal 1 1 7 alleles previously published (Martin and Orgogozo 2013) . Since the original list 1 1 8 only provided the gene name of those causal genes, we first curated their gene 1 1 9 ID or UniProt ID from the references cited. When the ID was not available in the 1 2 0 papers, we searched the gene name in genome annotation databases such as 1 2 1 RAP-DB (https://rapdb.dna.affrc.go.jp), maizeGDB (https://www.maizegdb.org), 1 2 2 soyKB (http://soykb.org/) or the UniProt database (https://www.uniprot.org). The 1 2 3 gene ID or UniProt ID was used as a query to search the EggNOG database 1 2 4 (v4.5.1) (Huerta-Cepas et al. 2016) to obtain the ortholog group to which it 1 2 5 belongs and its fine-grained orthologs. Fine-grained orthologs in EggNOG is 1 2 6 defined as orthologs derived from a pairwise orthology between members of two 1 2 7 species in an orthologous group based on phylogenic analysis. For genes that 1 2 8
were not found in EggNOG, we obtained their protein sequences from UniProt or 1 2 9
Genbank and used a HMMER-based sequence search 1 3 0 (http://eggnogdb.embl.de/#/app/seqscan) to find the ortholog group. When 1 3 1 available, the fine-grained orthologs were used as the ortholgs of causal genes. When fine-grained orthologs were not available, all members in the ortholog 1 3 3 group were used as orthologs. We examined the orthology in major crops and vulgare and Zea mays (Supplemental Table S1 ). We obtained the ortholog list for Setaria viridis in a different way because the 1 4 0
EggNOG database only includes S. italica genes and not S. viridis genes. Since (Supplemental Table S1 ). 5%, 10% or 20% of the genes from the QTL region. To determine if different levels of orthology affected performance, we compared 3 4 2 the orthology method described above with two alternative methods: 1) using identified in a monocot species, then we would only consider its orthologs in 3 5 0 monocot species. Using the same external validation set, we compared the 3 5 1 original orthology method with these two methods and found that their performance was similar to each other (Fisher's exact test, p-value>0.05) Figure S5 ). Models trained with both the known causal genes in the species and orthologs 3 5 6 from other species represent a more generalized model since it combines 3 5 7
information from known causal genes in target species and information from orthologs performed similarly as the models trained with only orthologs in cross-3 6 0 validation and external validation (Figures 3 and 4 ). Therefore, we used models 3 6 1 trained with known causal genes plus orthologs for subsequent analyses. the CEs nearby causal genes than in the CEs nearby an average gene in the 3 7 7 genome (Mann-Whitney U Test, p-value <0.05, Figure 5A , Supplemental Tables   3  7  8 S2 and S3). However, the SNPs or Indels in TFBS were not significantly different 3 7 9
between causal genes and non-causal genes (Mann-Whitney U Test, p-value 3 8 0 >0.05, Figure 5A , Supplemental Tables S2 and S3 ). In addition, we constructed a percent absence feature using previously published Arabidopsis and rice, the causal genes had significantly higher percent absence 3 8 5 than genome genes (Mann-Whitney U Test, p-value <0.05, Figure 5A ,
Supplemental Tables S2 and S3 ). We were encouraged by the enrichment of the CEs and presence/absence test, p-value>0.05). We first compared the external validation results for models 3 9 2 with or without the new features ( Figure 5B ). Then, we examined the feature 3 9 3 importance of those new features by using a leave-one-out analysis 3 9 4 (Supplemental Figure S6 ). The CE_snp feature was the fourth most important performance, we kept them in the algorithm for subsequent analyses. To test whether the QTG-Finder2 algorithm can be used to train models for 4 0 1 species that have few or no known causal genes, we trained models in Setaria respectively, which were similar to the Arabidopsis and rice models trained on 4 1 0 causal genes. To validate the sorghum model, we performed an independent external 4 1 2 validation. We curated ten sorghum causal genes from the literature (Table 1) .
When the top 5%, 10% and 20% of the genes in the QTL region were prioritized 4 1 4 by the sorghum model, 30%, 30% and 70% of the causal genes were recalled, 4 1 5 respectively ( Figure 6B ). The sorghum model's performance was similar to the 4 1 6
Arabidopsis model, which recalled 27%, 36% and 64% of the causal genes when 4 1 7 the top 5%, 10% and 20% of the genes in the QTL were prioritized. While the 4 1 8
performance of the sorghum model was lower than that for the rice model, there Arabidopsis or rice models. All models performed significantly better than the 4 2 1 background where the same number of genes were randomly prioritized at 10% 4 2 2 and 20% cutoffs (Fisher's exact test, p-values>0.05, Figure 5B ) but not at 5% data to further narrow down the candidate gene list. Based on a transcriptome 4 4 0 study on the developing internode of S. viridis, we selected genes that were up- relative to the maturation zone. We posited that genes that were up-regulated in 4 4 3 these zones are more likely to be involved in internode elongation and therefore in the meristem or elongation zone relative to the maturation zone ( Figure 7A ). By comparing the top 20% of the prioritized genes with the up-regulated genes, 4 4 7
we found 13 genes that met both criteria ( Figure 7B , Supplemental Table S4 ).
8
In addition to the 13 candidates we prioritized, there is one gene (Semidwarf, 4 4 9 SD1, Sevir.5G410400) in this QTL interval, which was suggested to be a putative 4 5 0 causal gene, though it has not been experimentally validated. SD1 gene encodes 4 5 1 gibberellin20 oxidase2 in rice, involved in gibberellin biosynthesis, and a loss of Therefore, SD1 could also be considered as a candidate gene.
5 7
We next examined if any of these candidate genes had changes in protein proteins are widely conserved from archaea to eukaryotes and are involved in The SD1 protein sequence in S. viridis has two amino acid replacements 4 7 4 (Supplemental Figure S9 ). The first substitution is a glutamate to aspartate replacement is a non-conservative replacement but the sequence nearby it is not Sevir.5G394900, has lower expression in most S. viridis tissues than its S. italica 4 8 7
ortholog Seita.5G389700 (Supplemental Figure S10 ). This gene is annotated as The expression difference may be caused by polymorphisms in the promoter 4 9 0 region of this gene. We therefore compared the 1kb upstream sequence flanking 4 9 1 this gene between S. viridis and S. italica. We identified five SNPs and one 4 9 2 insertion in S. viridis, including a SNP located at a predicted MYB transcription 4 9 3
factor binding site (Supplemental Figure S11 and Supplemental Table S5 ). The QTG-Finder we previously developed relies on known causal genes as a applied to species beyond Arabidopsis and rice. Here, we have developed QTG-
Finder2, which solves this problem by using the orthologs of causal genes to 5 0 1 train models in other species. interfering with other traits. These hypotheses remain to be rigorously tested. In 5 1 4
the meantime, given that many known causal genes are genetic hotspots of trait 5 1 5
variation, we hypothesized, tested and showed that we can use an orthology 5 1 6 approach to transfer the information about causal genes between species.
1 7
The major advantage of QTG-Finder2 over QTG-Finder is that it facilitates 5 1 8
building models for species that have a limited number of known causal genes,
which currently represents almost all plant species, including all major crops 5 2 0 except rice. We have shown that Arabidopsis and rice models that were trained indicates that the orthologs derived from known causal genes in other species contain information that can be used to train models. As proof of concept, we 5 2 5
applied QTG-Finder2 to train new models for Setaria viridis and Sorghum bicolor. The sorghum model has a 70% chance to recall a real causal gene (unseen 5 2 7
during training) when the top 20% genes in a QTL are prioritized, which is a 5 2 8 comparable performance to Arabidopsis and rice. archaea to eukaryotes, and a C-terminal extension domain that is conserved only but has not been functionally characterized in any plants to date.
8
The other candidate gene (Sevir.5G394900) encodes an L1P family ribosomal ( Supplemental Table S5 ). Though not prioritized as a top 20% gene, the SD1 gene (Sevir.5G410400) is 5 7 3 also a potential causal gene based on its function in other species and up-5 7 4 regulation in internode meristem zone relative to maturation zone. SD1 gene 5 7 5 encodes gibberellin20 oxidase2 in rice and a loss of function allele gives dwarf 5 7 6 phenotype in rice (Spielmeyer et al. 2002) . However, the rice SD1 has three 5 7 7 orthologs in S. viridis: Sevir.3G242400, Sevir.5G410400, Sevir.7G114500, and 5 7 8
we do not know if they are functionally redundant.
7 9
In summary, we developed QTG-Finder2 algorithm by incorporating an orthology 5 8 0 approach, which can be used to train models in species that have few or even no 5 8 1 known causal genes. We have built new models using QTG-Finder2 for S. (2):104-108. PIGGYBACK genes that specifically influence leaf patterning encode 7 1 6 ribosomal proteins. Development 135 (7):1315-1324. (2):723-732, 721SI-727SI. is an ethylene-response-factor-like gene that confers submergence any species were also used to train a model. This method allows QTG-Finder to 7 9 6 be implemented in species without enough or any known causal genes. Operating Characteristic) was used to compare training performance of the 8 1 0 models. Error bars represent standard deviation, N=50 for each bar. One-way 8 1 1
ANOVA followed by Tukey HSD post-hoc test was performed to determine the 8 1 2 statistical difference (p<0.05) among the groups as represented by letters. when the top 5%, 10% or 20% of the ranked QTL genes were considered. Fisher's exact test was performed between the models trained only with known 8 1 8
causal genes versus the models trained with only orthologs or the models trained 8 1 9
with causal genes plus orthologs. No statistical difference was detected (p>0.05).
The black dashed lines indicate theoretical background estimated by the 8 2 1
percentage of causal genes being recalled when we randomly selected 5%, 10% 8 2 2 or 20%of the genes from the QTL region. statistical difference between causal genes and genome genes. Significance difference was detected (p>0.05). Arabidopsis, rice and sorghum that had independent causal gene data available. Fisher's exact test was performed between the sorghum model versus Arabidopsis or rice model, and no statistical difference was detected (p>0.05).
4 6
The black dashed lines indicate the theoretical background when the same 8 4 7
fraction of genes in the QTL was randomly prioritized. Transcriptome data were obtained from Martin, 2016. 
